Microbial and chemical contamination of drinking water supplies can cause human health problems.
INTRODUCTION
People are exposed to a variety of potentially harmful agents in the air they breathe, the liquids they drink, the food they eat, the surfaces they touch and the products they use.
Differences exist within a population's exposure level to harmful agents, due to a number of factors, with exposure defined as 'contact over time and space between a person and one or more biological, chemical or physical agents' (US NRC ). Therefore, exposure assessment is the measurement or estimation of actual human exposure to these agents (Ott & Roberts ) . The two primary sources of exposure in any waterborne risk assessment are the contaminant concentration (microbial or chemical) and the water consumption rate (i.e. direct water intake excluding both boiled water and water involved in food preparation) (Krewski et al. ) . In order to determine the contaminant dose potentially reaching consumers it is therefore necessary to provide estimates of the volume of water ingested per day (Westrell et al. ) .
A number of deterministic human health risk assess- daily water consumption rate of 2 l day À1 , with this rate of waterborne risks, as measured consumption rates tend to be lower (Robertson et al. ; Jones et al. ) . For example, this consumption rate has been shown to agree with the 88th percentile of the per capita ingestion rate in the USA (USEPA ); equally, Asano & Cotruvo () report that 80-85% of average daily water consumption in the USA was <2,000 ml day À1 . Similar studies have been carried out elsewhere previously, with results presented in Table 1 .
As shown, there are significant differences in daily mean water consumption rates between studies and countries, with a minimum reported daily consumption rate of have fitted probability density distributions to water consumption data, with Westrell et al. () noting that although point (deterministic) estimates may be used in exposure assessments associated with quantitative microbial risk assessment (QMRA), the application of statistical distributions is preferable, as it acknowledges both variability and uncertainty within the data. Moreover, Mons et al. () advocate the use of country-specific water consumption dis- 
METHODS

Study design and sampling
Two primary datasets were developed, using two data recovery methods. The first dataset ('rural one-day recall') was developed using a questionnaire as part of a larger overall investigation into the awareness of the potential human health effects of contamination of private groundwater sources in Ireland (Hynds et al. ) . All questionnaires were carried out on a face-to-face interview basis; with respondents asked to self-report approximate mean daily cold water consumption, approximate consumption frequency, primary consumption source and the primary household consumption source. Rural households with unregulated private groundwater sources were randomly selected (during fieldwork investigations associated with a larger overall study), with the interviewer completing one questionnaire with one adult (>18 years) per household. The respondent was internally selected within the household based on availability for questioning.
This dataset was collected between January 2008 and January 2010.
The second dataset ('five-day diary recall') was developed using a five-day respondent-administered water consumption diary, as this method produced a time homogenous dataset. Respondents were asked to actively measure and record their daily cold water consumption.
This study was considered complimentary to the rural oneday recall study, as urban dwellers were specifically targeted for participation. Rural one-day recall study participants were asked to provide contact details for urban dwelling adults who might be prepared to participate in the five-day diary study. These potential participants were subsequently contacted through telephone or email (n ¼ 160 In all, 549 respondents completed the one-day recall survey, with a further 110 participants in the five-day recall study. Questionnaire respondents were provided with six daily water consumption ranges (<0.250 ml day À1 , 250-500 ml day À1 , 500-1,000 ml day À1 , 1,000-1,500 ml day À1 , 1,500-2,000 ml day À1 , >2,000 ml day À1 ) and were asked to choose which range best described their approximate daily cold water consumption. Participants in the five-day diary study were asked to report their daily cold water volume to the nearest 100 ml. Individuals were not permitted to participate in both studies.
Statistical analysis
Continuous variables were tested for normality using normal quantile (Q-Q) plots and Anderson-Darling tests of normality. Standard R × C contingency chi-square tests of independence were used in comparing proportions within groups of the study populations, including proportional differences between daily consumption ranges, gender and treatment system usage. Independent samples t-tests were used to investigate significant mean differences between continuous and dichotomous variables. Corporation, New York, USA) were used. The significance level was set at 5% (p < 0.05) for all analyses.
RESULTS
Rural one-day recall
Overall, 610 potential respondents were asked to complete the questionnaire survey, with responses for the volume of cold water consumed per day obtained from 549 respondents; equating to a response rate of 90%. As shown ( Total daily water consumption ranged from <250 ml day À1 (10.2%) to >2,000 ml day À1 (9.1%), with a median value range of 500-1,000 ml day À1 (31.1%) and 25 and 75%
percentiles of 250-500 ml day À1 and 1,000-1,500 ml day (Table 3) . As expected, a highly significant relationship was found to exist between consumption volume and consumption frequency (p < 0.001). In order to develop a discrete mean value, deterministic midpoint values were assigned to each consumption range, i.e. >250 ml day À1 ≈ 125 ml day
À1
; 250-500 ml day À1 ≈ 375 ml day
, etc. Those respondents consuming >2,000 ml day À1 were assigned a deterministic value of 2,500 ml day
. This yielded a mean daily cold water consumption rate of 969 ml day
, with a standard deviation of 814 ml day
. However, these figures include those respondents whose primary daily consumption source was bottled water (4.4%) of respondents. When bottled water consumers were removed, a mean daily consumption volume of 940 ml day À1 resulted, with a standard deviation of 670 ml day extending towards infinity). Fit ranking was achieved using both the Kolmogorov-Smirnof and Anderson-Darling statistics. Only the potentially exposed subset was fitted,
i.e. bottled water consumers were excluded. Due to a lack of convergence within the dataset, the gamma distribution could not be appropriately fit to the input data.
The resulting distribution fits are presented in Figure 2 , which show adequate fits using the log-normal, exponential and normal distributions. Both Kolmogorov-Smirnof and
Anderson-Darling statistics indicate that the log-normal distribution provided the best fit for total daily tap-water consumption. These findings concur with previous studies (Roseberry & Burmaster ; Burmaster ), which state that both daily total water intake and cold tap-water intake are well characterized by log-normal distributions among both children and adults and are therefore suitable for application in public health risk assessments.
Applying the log-normal distribution (Figure 2 ), total daily cold water consumption percentiles were calculated (Table 4) . Notably, the log-normal model predicts that only 8.4% of the population currently consume >2,000 ml day À1 cold water, i.e. the commonly applied default value of 2,000 ml day À1 is close to the 90th percentile of the distri- Tables 5 and 6 , respectively. Male participants had a mean body weight of 80.1 kg, while female participants reported a mean body weight of 62 kg (t ¼ À8.811, p < 0.001).
Current occupation was also reported (Table 7) .
During the five-day recall period, a mean daily consumption rate of 1,186 ml day À1 was recorded, with a standard deviation of 701 ml day À1 . Minimum and maximum daily water consumption rates of 0 and 4,500 ml day À1 were reported, with minimum and maximum five-day mean values of 0 and 3,260 ml day À1 , respectively. Upon exclusion of those participants whose primary daily consumption source was a water cooler or bottled water, based on the assumption that these sources are unlikely sources of pathogen exposure, a mean daily tap-water consumption rate of 1,149 ml day À1 resulted (SD 712 ml day À1 ). The mean daily consumption rate among 'non-consumers' was 1,292 ml day À1 (SD 670 ml day À1 ), with an independent samples t-test finding no significant difference between tapwater consumers and those drinking bottled water or from water coolers. Univariate analyses pertaining to the fiveday diary recall study are outlined in Table 8 .
An independent samples t-test found that, although male participants had a higher daily mean consumption
(1,272 ml day À1 ) than female participants (1,063 ml day À1 ), this difference was not statistically significant. A weak inverse correlation was found between participant age and mean daily consumption volume (Table 8) ,
suggesting decreasing water consumption with increasing age. This pattern was further reflected between stated occupation and mean daily consumption (Table 7) , with retired participants (!65 years) recording the lowest daily average consumption volume. However, due to the small sample sizes associated with both unemployed and retired (Table 9 ). An independent samples t-test found a significant mean difference between those urban and rural participants, with urban dwellers associated with a higher daily tap-water consumption rate than their rural counterparts (t ¼ À2.965, p ¼ 0.003). This pattern is also reflected in Figure 1 , with higher levels of daily consumption apparent among the primarily urban five-day diary study participants.
The most suitable daily distribution was fit to the mean daily cold water consumption data, as previously discussed for the rural one-day recall dataset. Fit ranking was again undertaken using the Kolmogorov-Smirnof and AndersonDarling statistics which indicated that the log-normal distribution provides the best fit for daily tap-water consumption (Figure 3) . Similar results were again found when 'non-consumers' were included.
Using the log-normal distribution (Figure 3) , total daily tap-water consumption percentiles were calculated, as presented in Table 10 . In this case, the log-normal model predicts that 85.5% of the population currently consume <2,000 ml day À1 cold water per day.
DISCUSSION
This study found that drinking water consumption rates were variable among Irish adult consumers, with potential sources of variability including gender, bodyweight, occupation and primary drinking water source. Although neither dataset included daily boiled water intake (it has been assumed that boiling eliminates the majority of waterborne pathogens (Spinks et al. ) ), the five-day diary study included number of hot beverages consumed per day.
Further work may focus on quantifying daily hot beverage volume, in order to assist in undertaking quantitative chemical risk assessments.
A mean daily tap-water consumption rate of 940 ml day À1 with a standard deviation of 670 ml day À1 resulted from the questionnaire survey (n ¼ 549), which was almost entirely composed of rural respondents. Non-consumers
were not included in this figure off point of 50% was applied, approximately 33% of respondents in a Canadian community were classified as bottled water users. The relatively low level of bottled water consumption encountered during the one-day recall study was likely due to the primarily rural setting in which the majority of surveying was undertaken. Higher rates of bottled water consumption in urban areas may be due to a significantly increased density of commercial outlets (shops, cafes, etc.) offering these products.
Analysis of the five-day recall study resulted in a mean daily cold water consumption rate of 1,186 ml day À1 , with a standard deviation of 701 ml day À1 which is comparable with results obtained from the rural one-day recall study.
Approximately 26% of participants stated their primary daily consumption source as not being a household tap, i.e. 'non-consumers', which concurs with previous studies ( Hence, the default figure would appear to be an overestimation for the Irish situation, the application of which may therefore result in inflated risk estimates. Based upon this study, it is considered appropriate to use a mean daily tapwater consumption figure of approximately 940 ml day
À1
(SD 670 ml day
) within rural populations and 1,264 ml day À1 (SD 701 ml day À1 ) within urban populations, respectively. This recommendation is supported by a statistically significant mean daily consumption difference between urban and rural consumers during this study (t ¼ À2.965,
It was considered that participant occupation may be used as a surrogate variable for occupational activity level, i.e. retired or unemployed participants expected to have lower levels of daily activity than those involved in professional or technical occupations. No statistically significant difference was found to exist between participant occupation and mean daily water consumption, therefore, no supportive evidence of differing 'occupational consumption rates' was found. It is important to note, however, that in this case low sample numbers were associated with both unemployed and retired participants; therefore, future work should focus on these subgroups.
Although both the exponential and normal statistical distribution functions were found to provide adequate fits for daily consumption data within both datasets, the lognormal distribution function provided the closest fit in both cases. It is therefore recommended that future epidemiological studies relating to waterborne diseases in Ireland via drinking water consumption, employ the lognormal distribution. Application of the resulting lognormal distributions predict that only 8.4% of primarily rural residents currently consume more than the current default figure (2,000 ml day À1 ) for cold water, while this figure was 14.5% among primarily urban residents.
Associations between a number of factors potentially affecting daily water consumption patterns were investigated, to identify the types of consumer that may be more or less susceptible to waterborne infection (or illness), due to increased or decreased daily consumption. The main factors investigated among survey respondents were gender, age, body mass, participant occupation, primary consumption source and the presence of a water treatment system.
Although both the survey questionnaire and five-day recall study found that male consumers had a higher mean total consumption rate, neither study found the mean difference to be statistically significant. Average daily consumption rates of 876 and 1,063 ml day À1 were attributed to female participants in the questionnaire survey and five-day recall study, respectively, while male respondents had mean consumption rates of 957 and 1,272 ml day À1 , approximately 10-15% greater than female consumers. and residence (e.g. at least 58.2% of five-day diary study participants reside in urban areas). However, it is considered that this study does not adequately represent the female population, which is a notable study limitation. Therefore, it is suggested that future studies should focus on improving the overall gender balance, in addition to focusing on younger and older population subsets.
CONCLUSIONS
The mean daily tap-water consumption rates within the primarily rural questionnaire population was 940 ml day À1 (SD 670 ml day À1 ), while the primarily urban five-day diary participants had a mean daily rate of approximately 1,190 ml day À1 (SD 700 ml day À1 ). Therefore, the application of the commonly used default water consumption figure of 2,000 ml day À1 may result in significant waterborne disease burden overestimates, not only in Ireland but in other temperate maritime areas. As the difference in daily tap-water consumption between rural and urban participants was found to be statistically significant, the use of separate exposure assessments for these populations is advocated both nationally and internationally, as similar findings have been reported in previous studies in countries such as Sweden and the UK. Based upon this study, it would appear that gender-specific exposure assessments are unnecessary when undertaking human health risk assessments of pathogenic exposure via daily water consumption. The log-normal distribution was found to provide the most accurate fit within both modelled datasets, and is therefore recommended as the most suitable probabilistic daily consumption variable within waterborne human health risk assessments in Ireland. It is therefore concluded that the presented data and fitted distributions fitted can be used to represent the Irish adult population for pathogenrelated quantitative risk analysis and assessment.
